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Chapter 1 
General introduction 
The tallgrass prairie once dominated the landscape of most Midwestern states such 
as Iowa, but it was almost completely converted to agricultural uses in the late 1800's and 
early 1900's. There is now considerable interest in reconstructing tallgrass prairie by 
seeding agricultural fields with native prairie species. Restoration of the tallgrass prairie 
community structure (e.g., species composition and diversity) and ecosystem is usually 
listed as one of the main objectives of restoration projects and vegetation improvement 
studies (e.g., Palmer et al. 1997, Lockwood and Pimm 1999). While the dominant grasses 
can typically be easily established from seed, there is almost always some difficulty in 
establishing many native forbs. Prairie forbs vary widely in their ability to become 
established from seed. Some forbs grow reliably from seed; other species' can only be 
established early in the reconstruction process. Some species can be easily grown in a 
nursery but rarely or never grow from an initial seeding in reconstruction, and some are 
difficult to grow from seed in both the greenhouse and the field (Powers 1987). Various 
experiments have been performed and methods tested to overcome this problem of forb 
establishment. Some researchers have experimented with increasing the nitrogen 
availability in the soil, while others have tried to reduce interspecific competition from 
invasive species and native grasses. The application of herbicides has been used to reduce 
competition from weed species; grazing and fire have been used in an attempt to increase 
the availability of nitrogen in the soil (Collins et al. 1998); and fungicides have been used to 
reduce competition between grasses and forbs. Fungicides help to reduce competition by 
eliminating the endomycorrhizal fungi associated with obligately mycorrhizal grass species, 
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thus allowing an increase in abundance of some facultative or less mycorrhizal forb species 
(Hartnett and Wilson 1999). On the other hand, it is possible that growth of some plant 
species in prairie reconstructions may be limited by lack of potential mycorrhizal fungi, due 
to loss of fungi during agricultural use of a site. How abundant are mycorrhizal fungi, and 
how specific are plant-fungal partnerships? Before these questions are addressed, the 
systematics and functions of mycorrhizal fungi are reviewed. 
Mycorrhizal Associations 
Interest in mycorrhizal associations has increased in recent years because of their 
potential benefits to agriculture, forestry, and degraded ecosystems (Kendrick 2000). 
Mycorrhiza refers to a symbiotic relationship between plants and certain fungi. It is 
characterized by the movement of plant-produced carbon to the fungus and inorganic 
nutrients and water from fungal hyphae to the plant. The term "mycorrhiza", which 
literally means fungus-soot, was first used in 1885 by the German forest pathologist A.B. 
Frank. Since then, researchers have discovered fossilized fungal. hyphae and spores, which 
strongly resemble modern arbuscular mycorrhizal ~..~ngi (G lomales, ~ygomycetes), that date 
back to the Ordovician Period 460 million years ago (Redecker et al. 2000). From these 
fossils it can be postulated that -lomales-like fungi may have played. a c~•ucial role in 
facilitating tl~.e colox~.zation of land by plants and mycor~•l~.i.zae are an ancestral 
characteristic of all Land plants (Redecker et al. 2000, Remy et al. 1.994). . Today, 
mycorrhizae are ubiquitous in terrestrial ecosystems and are associated with about 90% of 
plant families worldwide (Giovannetti 1998, Smith and Read 1997). 
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Types of Mycorrhizae 
A.B. Frank recognized the first two mycorrhizal groups, known today as 
ectomycorrhizae and endomycorrhizae. Ectomycorrhizae (ECM) are associations where 
the fungal hyphae grow intercellularly, never penetrating the cell walls of the host plant. 
Endomycorrhizae are associations where the fungal symbiont penetrates the cell wall of the 
host plant. Today, these two mycorrhizal groups have been expanded to include six 
different types of mycorrhizal associations: ectomycorrhizas, arbuscular mycorrhizas, 
orchid mycorrhizas, ericoid mycorrhizas, gentianaceous mycorrhizas, and monotropoid 
myCOrr 1ZaS. 
Ectomycorrhizae 
Ectomycorrhizae are widespread geographically, but have only been found in about 
2,000 plant species. They typically are associated with gymnosperms (e.g., Pinaceae) and 
some woody angiosperms (e.g., Fabaceae) (Kendrich 2000). -The fungi involved in 
ectomycorrhizal associations are diverse, encompassing over 5,000 species spanning two 
phyla, mostly Basidiomycota and some Ascomycota. Ectomycorrhizal fungi grow around 
the plant root, establishing a mantle Of hyphae with contiguous hyphal strands extending 
into the soil and between the cortical cells t0 form a characteristic Hartig net, but never 
penetrate the plant cells. The mantle increases the surface area of absorbing roots and acts 
as a sink for nutrients. The Hartig net acts as the bi-directional passageway between the 
host and fungus. Some ectomycorrhizal species can be identified by mantle characteristics 
such as color or branching pattern, but typically the hyphae are too similar t0 use for 
identification, so fungal species are usually classified based on their macroscopic fruit 
bodies (e.g., basidiomata or ascomata) (Kendrich 2000). 
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Arbuscular Mycorrhizae 
Arbuscular mycorrhizae (AM) are the most common type of endomycorrhizae. 
Ninety percent of all plant families -(with the exception of Brassicaceae, Commelinaceae, 
Cruciferae, Juncaceae, Cyperaceae, and Polygonaceae, among others) contain arbuscular 
mycorrhizal fungi (AMF) (Zeze et. al. 1997, Kendrich 2000). In arbuscular mycorrhizae, 
fungal hyphae are non-septate and hyphal growth is intraradical (both in and between plant 
cortical cells, but never entering meristematic or endodermal cells) and extraradical (in the 
soil). The intraradical hyphae branch into tree-like structures called arbuscules, which 
form invaginations in the plasma membrane of the root cell. They are the main sites of 
materials exchange between the fungus and plant host in individual cortical cells (Smith 
1995). Arbuscules start to form approximately two days after hyphal root penetration and 
after a few days begin to collapse and disintegrate. Many of the AM fungi also produce 
vesicles, which are thin-walled lipid filled structures in the root (VAM fungi). Vesicles are 
thought to be primarily for storage, but some evidence suggests that they can also serve as 
reproductive propagules for the fungus (Biermann &Linderman 1983). In the soil, AM 
fungi form a network of extraradical hyphae, with thicker hyphal strands functioning as 
conduits and thin, branched hyphal strands apparently absorbing nutrients and water. In 
some species of Gl onus, Scutell ospo~a, and Gigas~o~a, auxiliary cells are formed in the 
soil. These branch from extraradical hyphae and can be coiled or knobby. The function of 
these structures is unknown. Reproductive spores of AM fungi are multinucleate and can be 
formed either in the root or more commonly in the soil. Spores produced by fungi forming 
AM associations are asexual and are formed by the differentiation of vegetative hyphae. 
AM fungal species belong to four orders: the Glomerales, Archaeosporales, 
Paraglomerales, and Diversisporales, of the phylum Glomeromycota, and 
approximately 152 species have been identified. The AM _fungi apparently are obligate 
symbionts, since attempts at growing them in culture without a host have been 
unsuccessful. Species are defined by mode of spore formation and differences of 
microscopic structural characters inside broken spores. 
Urchidaceous Mycorrhizae 
"Orchidaceous mycorrhizae", as the name implies, are restricted to orchids 
(Orchidaceae). The fungal symbionts are mostly Basidiomycetes that otherwise are known 
as root and wood decay fungi. In orchid cells, they establish hyphal coils that degenerate 
and release nutrients during seed germination and early seedling development. Orchids 
typically have very small seeds with little nutrient reserve. The plant becomes .colonized 
shortly after germination, and the mycorrhizal fungus supplies carbon and nutrients to the 
developing embryo. 
Gentianaceous Mycorrhizae 
Gentianaceous mycorrhizae are formed within the family Gentianaceae. They are 
similar to orchidaceous mycorrhizae in that they produce coils inside cortical cells, but the 
plants are photosynthetic and can provide nutrients to the fungus. 
Ericoidaceous Mycorrhizae 
Ericoidaceous mycorrhizae are formed ~by Ascomycete fungi that associate only 
with the roots of plants in the Ericales. They look like an intermediary stage between endo-
and ectomycorrhizas and so used to be called ectendomycorrhizas. Mantles are formed (an 
ectomycorrhizal habit) but no Hartig nets are present. Instead, densely coiled hyphae 
penetrate cortical cells (an endomycorrhizal habit), but no arbuscules are formed. 
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Monotropoid Mycorrhizae 
Monotropoid mycorrhizae are a tripartite relationship in which an achlorophyllous 
(lacking chlorophyll) plant, Monot~o~a, is colonized by a fungus that produces a Hartig net-
like structure and a single haustorium-like peg inside each root cell and forms a mantle on 
the outside. Since the non-photosynthetic Monotropa is not able to provide the fungus with 
food, the same fungus also forms EM associations with trees nearby. The fungus thus 
forms links through which carbon and other nutrients can flow from the autotrophic host 
plant to the heterotrophic, saprophytic plant. 
Reproduction and Systematics of AM Fungi 
Glomeromycota produce asexual spores, called chlamydospores (thick-walled 
resting spores) (Alexopoulos et al. 1996). Each spore contains up to 2,000 nuclei (Kuhn et 
al. 2001). Since these nuclei may represent multiple genomes, selected apparently at 
random, these fungi are capable of asexually producing genetically distinct spores through 
random selection of genetically distinct nuclei (Sanders 1999). There is little evidence that 
the Glomeromycota reproduce sexually; studies using moleculax marker genes have only 
detected low levels of genetic recombination (Kuhn et al. 2001). Rather than having sex 
(undergoing syngamy), these fungi probably exchange nuclei by fusing hyphae, but this has 
not been definitively shown (Kuhn et al. 2001). Despite their unique biology, there is 
evidence that spore morphology is conservative and highly heritable from one generation to 
the next in culture (Morton et al. 1999). The relationship among genetics, physiology and 
morphology in these fungi is an active area of research, especially since the conventional 
tools used to study monogenomic organisms such as humans, mice, flies or yeast are 
inadequate tools for researchers trying to understand Glomales (Smith and Read 1997). 
There are certain limitations when using only the spores for identification of 
mycorrhizal species. Spores may not be produced for several months after the mycorrhizal 
relationship has been established, and spores maybe absent from samples for a variety of 
reasons (e.g., predation; some spores are too small to be easily separated from the soil; and 
some AM fungi never produce spores) (Kendrick 2000). Several other problems may also 
be encountered. First of all, viable and identifiable spores are ephemeral, so one sample 
may not reveal all of the fungal species present in the soil. Also, the majority of fungal 
species remain undescribed (Bever et al. 2004). Finally, not all the spores in the soil 
necessarily are products of the AM fungi colonizing the plant root (Clappe et al. 1995). 
Molecular markers, where polymerase chain reactions target specific AM fungal rDNA 
gene sequences, are the future for identification of endomycorrhizal fungi. This technique 
allows researchers to identify fungal species by vegetative samples rather than relying on 
spores. A molecular approach allows more focus on the fungus that is actually colonizing 
the plant root and actively growing and functioning compared to analyzing the spores 
(Vandenkoornhuyse et al. 2002}. This technique also has limitations, however, in that there 
are relatively few genetic markers available (Husband et al. 2002). Many of the Glades 
identified by the molecular phylogeny are closely correlated with the traditional taxonomy 
based on spore morphology, but it is not possible to extend that correspondence down to 
species level (Vandenkoornhuyse et al. 2003). Also, a single spore contains hundreds of 
genetically distinct nuclei, so each phylotype in a root cannot be assumed to have arisen 
from an independent colonization event (Vandenkoornhuyse et al. 2002). 
Under favorable conditions and in the presence of plant root exudates, AM spores 
will germinate, form appressoria on host roots, and establish a new mycorrhizal symbiosis 
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(Schwab et al. 1982). Spores maye be formed on the mycelium either within or outside the 
root. They can occur singly or in loose aggregates, and sometimes they are contained 
within sporocarps. In addition to propagation by spores, many species of Glomeromycota 
can colonize host plants from hyphal fragments in the soil or directly from symbionts that 
inhabit the roots of a neighboring plant. Since they are obligate symbionts, if no host root 
is found by the germinating hypha of a spore, growth ceases and the cytoplasm may be 
retracted within the spore. 
The phylum Glomeromycota currently comprises approximately 152 described AM 
species distributed among seven genera, most of which are defined primarily by spore 
morphology and, more recently, by DNA sequences (Schu.t3ler et a1.2001). Currently, they 
are placed in four orders: the Glomerales, Archaeosporales, Paraglomerales, and 
Diversisporales, encompassing six families (Schii131er et al. 2001), although this 
classification is in constant flux due to new data provided ~ by .DNA analyses. Originally, 
arbuscular fungi were placed in the family Endogonaceae of the order Mucorales because 
the AM fungi spores of the Glojnus species had a slight resemblance to spores of Endogone 
species (Gerdemann and Trappe 1974). This placement was later revised .because 
Endogone spp. form sexual zygospores, whereas AM fungi produce only asexual spores. 
Later, they were .grouped in Glomales in the phylum Zygomycota to recognize their 
monophyletic origin (Morton and Benny 1990). Recent molecular evidence (small 
ribosomal subunit RNA sequences) and morphological evidence affirmed this group is a 
distinct lineage and possibly a sister group to Basdiomycota and Ascomycota. Thus, it has 
been assigned its own phylum, the Glomeromycota, and placed in five orders (Schu.131er et 
al. 2001). Molecular studies have also revealed a large number of possible; new species 
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(e.g., Vandenkoornhuyse et al. 2002), suggesting that the 152:morphologically-defined 
species may vastly underestimate species diversity. 
The order Glomales used to be divided into two suborders, the Glomineae and the 
Gigasporineae. The Gigasporineae contained the family Gigasporaceae, with two genera: 
Gigaspo~a and Scutellospo~a. The Glomineae was divided into four families: 
Paraglomaceae (genus: Pa~aglon~us), Archaeosporaceae (genus: A~chaeospo~a), 
Glomaceae (genus: Glonzus), and Acaulosporaceae (genera: Ent~ophospo~a and 
Acaulospo~a). Molecular data based on small subunit rRNA gene sequences have 
combined the two families Gigasporineae and Acaulosporaceae into one order, 
Diversisporales, and each of the three other families has become its own order (Sch" ler et 
al. 2001). Archaeosporales contains two families, Archaeosporaceae and Geosiphonaceae, 
Paraglomerales contains family Paraglomaceae, and Glomerales contains family 
Glomeraceae (Schu.l3ler et al. 2001). 
The Paraglomaceae and the Archaeosporaceae are ancestral to the Glomaceae and 
Acaulosporaceae, according to rDNA sequences (Redecker et al. 2000; Sawaki et al. 1997). 
Morphologically, the main seven genera recognized are classified based on their subcellular 
structure, including characters such as spore wall structure and thickness, subtending 
hyphae structure, and the whole spore characteristics of color, shape, and size. Pa~aglomus 
("resembling glomus") resembles Gloynus species with identical spore morphology, where 
layers of the spore wall are continuous with the subtending hyphae (Morton and Redecker 
2001). The spores develop terminally on slightly flared fertile hyphae. The spores in the 
genera 14~chaeospo~a ("ancient spores") develop terminally from the neck of a soporiferous 
saccule on fertile hyphae and resemble Glon~us spores (Morton and Redecker 2001). 
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The other five genera are more commonly recognized and are present in most soils 
around the world (Kendrick 2000). Gigaspo~a and Scutellospo~a only form arbuscules in 
roots, produce spores at the apices of fertile hyphae, and produce auxiliary cells. 
Gigaspo~a ("giant spores") species produce germ tubes directly through the spore wall, 
have no inner flexible wall, and produce ornamented auxiliary cells. They are considered 
the giant spores because they range in size from 200-600 ~,m. Scutellospo~a ("shielded 
spore") species produce germ cells that arise from a germination shield, always have an 
inner flexible wall, and produce knobby, papillate, or smooth auxiliary cells. 
The other three genera, Gl on~us,14 caul ospo~aceae, and Ent~ophospo~a, produce 
arbuscules and vesicles in roots, produce chlamydospores terminally or laterally on fertile 
hyphae, and produce no auxillary cells. Glonzus ("a ball of yarn") is the most common 
genus and now includes the former members of the Scle~ocystis, which were distinguished 
by its multi-spored sporocarps. Spores in Glomus form apically on fertile hyphae and are 
usually found in a range of colors, with globose, ellipsoid, or irregular shapes, and a range 
of size from 20 to 400 ~m in diameter. The spores can be found singly, in groups, or in 
sporocarps in the _..soil. Acaulospo~a ("spores without a stem") species form. spores laterally 
from the neck of a soporiferous vesicle (saccule). After extraction from the soil, these 
spores are usually sessile (absent of hyphal attachment) because the outer layer of the spore 
wall, which is continuous with the subtending hyphae, sloughs off. These. spores are 
globose or ellipsoid, range in size from 100-400 ~,m, and are not found in sporocarps. 
Ent~o~hos~o~a ("spore nourished from within") species are similar to ~lcaulospo~a, but 
form spores within the neck of the sporiferous vesicle. 
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Plant-Fungi Interactions 
The interaction between plants and arbuscular mycorrhizal fungi is considered 
mutualistic, with the fungus receiving .carbohydrates from the plant and the plant receiving 
increased water and nutrients from the fungus (Bauer et al. 2003), although under certain 
conditions some arbuscular mycorrhizae may become parasitic to the plant (Allen et al. 
1.989). In general, fungal hyphae in the soil are able to increase the surface area of a plant 
root system because they are much thinner and more abundant than root hairs. This also 
allows them to penetrate the soil more thoroughly and improve soil structure by increasing 
soil aggregation. Mycorrhizal associations tend to be linked with enhanced survival for 
plants in stressful environments and are key components in the facilitation of phosphorus 
uptake (Turner et al. 2000). Phosphorus is the principal nutrient provided, but AM fungi 
have also been shown to increase plant uptake of water and micronutrients such as Zn, 
increase.resistance to pathogens (Gehl et al. 2003), decrease susceptibility to chemical 
toxicity in the soil (Mott and Zuberer 1987), and stimulate nitrogen fixation (Khalil et al. 
1992). It has been suggested that AM fungi may absorb and transfer metabolites from other 
soil organisms such as fungi, bacteria, actinomycetes, algae, and cyanobacteria to their 
plant host (Linderman 1992). Several experiments have shown that AM fungi can inhibit 
some pathogenic fungi and nematodes by occupying the same space in the root and 
producing antibiotic substances. Other pathogens, however, are apparently favored by AM 
fungi (Smith and Read 1997). In addition, hyphae in the soil may be food for grazers such 
as collembolans, which, by reducing hyphal mass, decrease the ability of the fungus to take 
up nutrients (Fitter and Merryweather 1992). Plants appear to monitor levels of phosphorus 
uptake (or perhaps levels of P in their tissues), and above aspecies-specific tissue P 
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content, the plant will eject the fungus from its root. In domesticated plants, the critical 
tissue P concentration for ejection seems to be around 100 ppm (Fitter and Merryweather 
1992). For wild prairie grasses, the level drops as low as 20-40 ppm (Schultz et al. 2001). 
The phosphate flux has been estimated at 13 nmol m 2 s 1 across the arbuscule in the 
mycorrhiza, although this rate can increase if exogenous phosphate is supplied (Cox and 
Tinker 1976; Smith et al. 1994). 
With some plant species, endomycorrhizal associations are sometimes essential for 
establishment. Typically, mycorrhizal dependencies are calculated based on plant biomass 
accumulation as follows: percent mycorrhizal dependency=[(dry weight inoculated —dry 
weight noninoculated)/dry weight inoculated)] x 100 (Hetrick 1987). The warm-season 
prairie grasses and most forb species are obligate mycotrophs, whereas cool-season grasses 
tend to be facultative mycotrophs (Wilson et a1.2001). Obligatory and facultative 
mycorrhizal relationships can be a major factor in maintaining plant biodiversity and 
ecosystem functioning (van der Heijden et al. 1998). Arbuscular mycorrhizal fungi can 
alter the balance of competition by providing more resources to certain obligatory plants 
(Marler et al. 1999). Also, AM fungi may increase the establishment and abundance of 
subordinate plant species relative to dominant species (Hartnett and Wilson 2002). 
Diversity of Arbuscular Mycorrhizal Fungi 
It once was thought that AM fungi were generalists and could form relationships 
with any plant, but recent data have shown that fungi-plant relationships are often more 
host-specific (Vandenkoornhuyse et al. 2003; Eom et al. 2000; Clapp et al. 1995) and may 
have a definitive role in determining the biodiversity of the plant community (Van der 
Heijden et al. 1998, Eom et al. 2000); spore abundance and species composition are 
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influenced by the plant species with which fungi are grown. They analyzed sorghum trap 
culture of soil collected from under different tallgrass prairie species and grew five different 
species in a greenhouse for four months with prairie soil. In both cases the plant species had 
significant differences in fungal compositions and communities. Vandenkoornhuyse et al. 
(2003) conducted another study that recognized distinct arbusculax mycorrhizal 
communities associated with co-e~sting grass species. Eighty-nine roots of three grass 
species were used to determine the AM fungal diversity via terminal restriction fragment 
length polymorphism; the results clearly confirmed that host preferences exist between the 
plant and the fungus. These studies suggest that not only is the plant community influenced 
by mycorrhizal relationships, but also that plant diversity may be positively correlated with 
the species diversity of mycorrhizal fungi (van der Heijden et. al. 1998). However, AM can 
also decrease diversity. In some cases an obligate dominant plant species (such as the C4 
grasses in tallgrass prairies) or an invasive weed species proliferate in the presence of the 
AM fungi and are then able to out compete more facultative species nearby (Hartn.ett and 
Wilson 1999, Marler et a1. 1999, 1998). 
AM Colonization 
Primary abiotic :factors that influence mycorrhizal infection are water, nutrients, and 
oxygen availability (Cornwell et al. 2001). Arbuscular mycorrhizal fungi are obligate 
aerobes; therefore, many studies assumed AM fungi would be absent from anoxic wetlands, 
or those with consistently high water tables (Cornwe112001). However, AM fungi have 
been found with submerged and lacustrine plants (Cornwell 2001). One possible 
hypothesis for AM fungi surviving anoxic conditions is that they require less oxygen than 
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thought or that they obtain oxygen that diffuses from the root of the plant or via the 
aerenchyma system (Van Hoewky et al. 2001). 
Soil moisture is another abiotic influence on AM fungi colonization. Numerous 
field studies have shown a general trend of higher fungal colonization and diversity at the 
drier end of the moisture gradient (Rickerl et al. 1994, Stevens and Peterson 1996). On the 
other hand, Bauer et al. (2003) reported that differences in colonization by AM fungi were 
at the taxonomic level and not across hydrologic zones. Wetzel and van der Valk (1996) 
also proposed that soil moisture may not be the main determinant in fungal colonization, 
when they found no significant difference in mycorrhizal colonization of wetland plants and 
drier upland zones during a wet year. From these two studies it appears that soil moisture is 
not solely responsible for levels of AM infection. Longer studies on individual species over 
a soil moisture gradient possibly would give more conclusive evidence about the effect soil 
moisture has on infection. 
Nutrient levels are also considered a determining factor as to whether or not a plant 
will form a mycorrhizal association. One limiting nutrient for plants is phosphorus. Wetzel 
and van der Valk (1996) found that mycorrhizal hyphae are more common in low- 
phosphorus wetlands than in high-phosphorus wetlands. Cornwell et al. (2001) reported 
that plants treated with phosphorus had lower root colonization than plants not treated with 
phosphorus. Tang et al. (2001) reported that Typha angustifolia was colonized in three low 
phosphorus treatments but not in a high phosphorus treatment. 
AM Distribution 
AM fungi are found in soils throughout the world, ranging from the tropics to the 
arctic, and are common in both native and cultivated soils. In general, natural landscapes, 
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re-vegetated areas, or low-input farming are more diverse in arbuscular mycorrhizal fungal 
populations compared to highly degraded/altered landscapes. Hetrick and Bloom (1982} 
conducted one of the earliest. studies of distributions; they analyzed the fungal species of 
soil taken from Konza Prairie in Kansas and four winter wheat fields in Kansas. 
Significantly more fungal spores and species were. recovered from the tall-grass prairie soil 
than from the winter wheat fields. All the fungal species from the wheat fields were present 
in the prairie soil except for one species, Glojnus al biduYn. Cuenca et al. (1991) examined 
the diversity of endomycorrhizal spores from natural, disturbed, and re-vegetated 
communities in tropical soils of Venezuela. The natural areas scored the highest in species 
richness, and the re-vegetated areas were higher than the disturbed area in species richness 
but lower than the natural area. Menendez et al. (2001) assessed the endomycorrhizal 
populations associated with natural grasslands at the margin of crop fields, a conventional 
tilled wheat/barley field, and anon-tilled red clover field in Argentina. Fungal species 
richness was higher. in the grassland and red clover field than in the tilled wheat and barley 
fields. Oehl et al. (2003) studied AM fungal spores from three sites in central Europe, 
including aloes-input, species-rich grassland, aloes- to moderate-input organic farming site 
with a seven year crop rotation, and ahigh-input, continuous maize monocropping field. 
The number of spores and species found after collection and trap cultures was the highest in 
the grassland and lowest in the monocropping field. Troeh (1999) also showed that AM 
fungal populations are significantly reduced in fallow microplots compared to fields of 
soybean or corn, because of the absence of host plants. 
Studies have consistently shown a reduction in fungal species diversity in cropped 
fields and some have also shown a considerable change in the composition of the species. 
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Disturbed or re-vegetated areas are possibly more favorable for some particular fungal 
species (Cuenca et al. 1997}. In a study by Oehl et al. (2003), the intensification of 
agricultural practices decreased the abundance and community structure of the AM fungal 
communities, and it also favored endomycorrhizal species that appeared to have faster rates 
of root colonization and spore formation in trap cultures. "Root colonization strategies and 
timing of sporulation may be crucial for the survival of AMF species in arable lands 
exposed to intensive farming practices, such as herbicide-cleaned monocropping systems 
with short vegetation and prolonged fallow periods" (Oehl et al. 2003). Some species may 
also be more susceptible to disturbance. Cuenca et al. (1997) noticed that larger spore 
producers, such as Scutellospo~a and Gigas~o~a, were absent at ~re-vegetated and disturbed 
sites. 
The transformation of the prairie ecosystem to agriculture and fallow fields may 
have transformed the AM fungal soil community of the Midwestern states. The 
reconstruction of the prairie ecosystem, especially the establishment of the forbs, may be 
reliant on a healthy soil community (e.g., diversity of AM fungi). There are numerous 
unanswered questions about prairie reconstruction and mycorrhizae. For example, are 
prairie reconstructions limited by availability of specific fungal partners for certain forb 
species? How specific are plant-fungus associations? How many ,fungus species might 
typically be associated with a given plant species? Is there significant geographic 
variability in availability of mycorrhizal fungi? What is the effect of type of previous 
agricultural use on a reconstruction? 
Although this study was not conducted on a prairie reconstruction site peg se, one 
objective was to gather information that may be useful in prairie reconstructions. 
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Specifically, my objectives were to determine whether host plant species, in particular 
prairie forbs, associate with similar fungal species at various locations within the 
Midwestern prairie states. And, do different plant species within a site have similar fungal 
communities, or is there a high degree ofhost-specificity? 
Thesis organization 
This thesis is organized in three chapters plus appendices. Chapter 1 is a general 
introduction to prairie reconstruction and mycorrhizae. Chapter 2 is written as a manuscript 
for publication. Chapter 3 is composed of general conclusions, while the appendices give 
detailed information on sites, fungus nomenclature, and pictures of spores and root 
colonization. 
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Chapter 2 
Arbuscular mycorrhizal fungi associated with five tallgrass prairie forbs 
Abstract 
Do host plant species, in particular prairie forbs, associate with the same arbuscular 
mycorrhizal (AM) fungal species at various locations within the Midwestern prairie states? 
And, do different plant species within a site have similar AM fungal communities, or is 
there a high degree ofhost-specificity? If prairie forbs do associate with similar fungal 
species at various locations or are host-specific, we may be able to apply that knowledge to 
prairie reconstructions .and increase the establishment of forb species. Well-established 
prairie seed production plots of three commercial nurseries in Iowa, Wisconsin, and 
Minnesota, in the tallgrass prairie region of the Midwestern U.S., were sampled in October 
2004. Soil cores for analysis of AM spores, root samples for determination of AM 
colonization, and soil samples were collected from monospecific plots of five prairie forbs, 
Heuche~a ~icha~dsonii R. (Alumroot), Tle~onicast~um vi~ginicum L. (Culver's root), 
Silphium ~e~fol Tatum L. (Cup plant), Ratibida pinnata (Vent.) (Yellow/Gray-headed 
Coneflower), and Hy~e~icum py~amidatum L-. (St. John's Wort). Spores of AM fungi were 
extracted from the soil samples and were identified by morphological characteristics. 
Over all three sites .and all plant species, spores of 3 5 AM fungal species were found 
in-the soil cores, representing six genera. Plant species all showed evidence of mycorrhizal 
infection and roots were at least 34% colonized by AM fungi. There were no significant 
relationships between the number of fungal species in a plot and the soil pH or content of P, 
NH4+, or NO3-. Overall, 43 % of fungal species found were- ubiquitous and 17% were 
exclusive to a particular site. Over all sites, yellow coneflower had the highest mean fungal 
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species richness (26.3), significantly higher (p<.005) than Culver's root (19.3), which had 
the lowest richness. Over all plant species, fungal community similarity between pairs of 
sites was on avexage 51.3% (using Sorenson's index). Fungal community similarity 
between pairs of sites for any one plant species ranged from 80 to 96%, with a mean of 
86.3%. Similarity between pairs of plant species within any one site varied from 69 to 
93%, with a mean of 85.5%. 
Fungal communities were very similar both within individual prairie forb species 
regardless of field site and within a field site regardless of forb species. There were very 
few species found exclusively with one plant species or at one site; most of the fungi were 
generalists and exhibited little host-specificity, and all plant species had a substantial 
number of fungal associates. 
2~ 
Introduction 
Prairie restorations in the Midwest typically occur on land that once was an 
agricultural field or on land that has been highly disturbed. Highly altered, disturbed soil 
has a different soil biotic community than soil of native ecosystems, and the amount and 
viability of axbuscular mycorrhizal (AM) fungal propagules is typically different (Miller 
1979). In general, agricultural fields have a lower diversity and abundance of AM fungi 
than prairies (Hetrick and Bloom, 1982). One possible reason for this difference could be 
the reduction in plant species or host plants in agricultural fields. Troeh (1999) showed that 
AM fungal populations are significantly reduced in fallow microplots compared to fields of 
soybean or corn because of the absence of host plants. Therefore, over the last century the 
loss of tallgrass prairies has likely resulted not only in the loss of plants, but also the loss of 
endomycorrhizal fungal species from the former prairie sites. This loss could impair the 
reestablishment of native forb species in tallgrass prairie reconstructions. 
One of the classic problems in restoring plant communities is that the number of 
plant species in restorations is usually lower than in remnants of the same community, no 
matter how many plant species are seeded in. This may be a consequence of lack of fungi 
for formation of mycorrhizae, which in turn may limit the establishment of some plant 
species. Studies have shown that fungi-plant relationships are often more host-specific than 
once thought (Vandenkoornhuyse et al. 2002, 2003, Eom et al. 2000, Clapp et al. 1995, 
Daniell et al. 2001, Helgason 1999, 2002, Lovelock 2005) and may have a definitive role in 
determining the biodiversity of the plant community (Van der Heijden et al. 1998, 
O'Connor et al. 2002). It is therefore possible that increasing the number of fungal species 
will make restorations more successful. From a restoration perspective, if AMF species 
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differ in their effects on plants, then a highly diverse community of arbuscular mycorrhizal 
fungi may be desirable to increase possible host-fungus relationships (Johnson et al. 1992, 
Abbott and Gazey 1994). 
Restoration of the tallgrass prairie community structure (e.g., species composition 
and diversity) and ecosystem is usually one of the main objectives of restoration projects 
and vegetation improvement studies (e.g., Palmer et al. 1997, Lockwood and Pimm 1999, 
Moore et al. 1999, Smith et al. 2000). While the dominant grasses can typically be easily 
established from seed, there is almost always some difficulty in establishing many native 
forbs. Prairie forbs vary widely in their ability to become established from seed. Some 
forbs grow reliably from seed; other species can only be established early in the 
reconstruction process. Some species can be easily grown in a nursery but rarely or never 
grow from an initial seeding in reconstruction, and some are difficult to grow from seed in 
both the greenhouse and the field (Powers 1987). Various experiments have been 
performed and methods tested to overcome this problem of forb establishment. Some 
researchers have experimented with increasing the nitrogen availability in the soil, while 
others have tried to reduce interspecific competition from invasive species and native 
grasses. The application of herbicides has been used to reduce competition from weed 
species; grazing and fire have been used in an attempt to increase the availability of 
nitrogen in the soil (Collins et al. 1998); and fungicides have been used to reduce 
competition between grasses and forbs. Fungicides help to reduce competition by 
eliminating the endomycorrhizal fungi associated with obligately mycorrhizal grass species, 
thus allowing an increase in abundance of some facultative or less mycorrhizal forb species 
(Hartnett and Wilson 1999). 
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The transformation of the prairie ecosystem to agriculture and fallow fields may 
have transformed the AM fungal soil community of the Midwestern states. The 
reconstruction of the prairie ecosystem, especially the establishment of the forbs may be - 
reliant on a healthy soil community (e.g.,~ diversity of AM fungi). Specifically, my 
objectives were to determine whether host plant species, in particular prairie forbs, 
associate with similar fungal species at various locations .within the Midwestern prairie 
states. And, do different plant species within a site have similar fungal communities, or is 
there a high degree ofhost-specificity? ~~ 
Methods 
Field Sites 
Three field sites in the tallgrass prairie region of the Midwestern U.S. were sampled 
in the fall of 2004. Each field site was awell-established seed production plot devoted to 
commercial production of native prairie plants and seeds.. Owners of seven potential 
nursery sites were originally surveyed about origin of the plant species (where they 
originated and whether the plants were started from seeds or transplants), characteristics of 
their plots (the size, age, and quality of the monoculture), the use of any pesticides, 
- fertilizers, herbicides, and fungicides on the plots, and the history and soil type ~ of the 
nursery. The following three nurseries were chosen based on having similar characteristics 
(see Appendix 1). Applied Ecological Services (AES) is near Brodhead, in Green County, 
WI (42° 33 N, 89° 21 ~. Ion Exchange (ION) is located in Harpers Ferry, IA, in 
Allamakee County (43 ° 07 N, 91 ° 15 ~. The third field site was Kinnickinnic Natives 
(KINNICK), located near River Falls, WI, in Pierce County (44° 54 N, 92° 36 ~. AES is 
450 km southeast. of KINNICK, while ION is 220 km west of AES and 325 km south of 
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KINNICK. Soil of the ION site was dominated by Lawson silt loam and Spillville loam, 
with some Huntsville silt loam. The AES site was primarily Dickman sandy loam, and 
KINNICK soil was Dakota loam. 
At ION, the Lawson silt~.loam is characterized as somewhat poorly drained soils 
formed in silty alluvium flood plains. These soils have moderate permeability with 18 to 30 
percent clay and slow surface runoff. Slopes range from 0 to 3 percent. The soil is 
typically neutral, but the ranges from slightly acidic to slightly alkaline. Flooding is rare to 
common and duration ranges from brief to long. The native vegetation consisted of 
scattered silver maple, white ash, and American elm trees and tall prairie grasses and forbs. 
Spillville loam soils are of very deep, moderately well drained or somewhat poorly drained 
soils on nearly level flood plains. Spillville soils formed in dark colored medium-textured 
alluvium, and range in slope from 0 to 5 percent. The native vegetation is big bluestem, 
indiangrass, switchgrass, and other grasses of the tall grass prairie. 
The Huntsville silt loam soils are very deep, well drained soils on flood plains. These soils 
formed in alluvium. Slope ranges from 0 to 6 percent. The .native vegetation is big 
bluestem, little bluestem, switchgrass, and other grasses of the tall grass prairie. The 
Dickman sandy loam at AES consists of very deep, somewhat excessively drained soils that 
formed in glacial outwash or eolian materials consisting of a loamy mantle and underlying 
sandy sediments. Slopes range from 0 to 18 percent and the native vegetation is prairie 
grass. At KITINICK, the Dakota loam soils are well drained soils with a moderate 
permeability. They formed in loamy alluvium underlain by sandy outwash on glacial 
outwash plains, stream terraces, and valley trains. Slopes range from 0 to 18 percent and the 
native vegetation was tall grass prairie with scattered oak groves. 
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The AES nursery is approximately 45 ha in area. All plant plots sampled were 
within 100 to 200 m of each other, and each species plot was approximately 8 m wide x 29 
m long. The ION nursery is approximately 160 ha in area. Four of the plant plots sampled 
were located within S00 m of each other; the plot of Heuche~a ~icha~dsonii was 15 km 
from the nursery, located on the banks of the Mississippi River, with sandier soil. Each ~ . 
species plot was approximately 3 m wide x 50 m long. The KINNICK nursery was the 
smallest site at 0.6 ha. All plots sampled were within 30 meters of each other and all 
species plots were approximately 1.5 m wide x 20 m Long. 
Field Sampling 
Five forb species were sampled from each at the three sites. The forb species were 
chosen primarily on each nursery's stock and secondarily on the root structure of the plant. 
Hetrick et al. (1991) determined that the best predictor of mycorrhizal colonization is root 
fibrousness. Plants with larger, less fibrous roots have a greater affinity for mycorrhizal 
colonization compared to plants with finer, fibrous roots (Cooke et al. 1988). Plots of 
Heuche~a ~ichardsonii R. (Alumroot), I~e~onicast~uin viNginicum L. (Culver's root), 
Silphiunz pe~foliatum L. (Cup plant), Ratibida pinnata (Vent.) (Yellow/Gray-headed 
Coneflower), and HypeNicum py~amidatum L. (St. John's Wort) were sampled at each 
nursery. Nomenclature follows Great Plains Flora Association (1986). 
Soil cores for spore e~raction, soil analysis, and root samples were taken in October 
2004. Sporulation by the fungal symbiont is greatest as the host approaches dormancy 
(Bentivenga and Hetrick 1991, Lugo and Cabello 2002). At each nursery, 16 soil cores (for 
spore extraction) per plant species were taken at even intervals along a single transect 
placed in the middle and extending the entire length of each species plot, excluding a 2 m 
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buffer zone at each end of every plot. Each core was taken within 5 cm of a plant. All 
cores were 30 cm in depth and 2 cm in diameter. In the lab, 10 of the 16 cores were 
randomly chosen for analysis. Root samples of five plants per plot were extracted at 
roughly even intervals along the same transect as the soil cores. An additional five root 
samples per plot were taken in October 2005. Two composite soil samples of three soil 
cores each were collected for soil analysis. Each composite sample was collected from 
three soil cores in each half of a plot, taken along the same transect used for spore 
collection. 
Soil Measurements 
Soil analyses were performed by Iowa State University's Soil and Plant Analysis 
Laboratory. Soil was tested for pH by the protocol for the north central region of the 
United States (Brown 1998), for phosphorus by the Mehlich-3 test (Brown 1998), and for N 
by combustion (Nelson and Sommers 1996, Matejovic 1997). 
AM Colonization 
Within 48 hours of collection, root samples were washed with tap water to remove 
soil particles. Washed roots were stored in 70% ethanol (Koske and Gemma 1989) until 
later analysis. To detect AM colonization, a .random sample of secondary roots with 
attached tertiary roots from each sample was cleared and stained to detect AM fungi 
following Kormanik and McGraw (1982). The roots were autoclaved in 10% KOH for 25-
60 minutes, then washed with tap water and bleached with alkaline H2O2 for 10-20 minutes. 
The cleared roots were acidified with 1 % HCl for 3 -4 minutes and then stained and 
autoclaved with a 0.05% acid fuchsin in acidic glycerol solution for 10 minutes. The roots 
were destained at room temperature, with an acidic glycerol. solution. Percent AM 
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colonization was determined with the root-gridline intersection method described by 
Giovannetti and Mosse (1980). For each species at each site, approximately 100 root 
segments from the combined root collections from a plot were analyzed. Roots. were laid 
out on a petri dish marked with a grid with lines 5 mm apart. The presence or absence of 
mycorrhizae was recorded at 200 root-grid intersections per species at a 40x magnification. 
An intersection was considered mycorrhizal if the transect intercepted an arbuscule or 
vesicle. 
Spore Identification 
Soil core samples for spores were transported to the lab, allowed to dry, and then 
refrigerated at S C until further analyses. Spores were extracted from soil using wet-sieving 
and sucrose density gradient centrifugation (Daniels and Skipper 1982). The extracted 
spores were inspected at magnifications of 40x to 500x, depending on spore size, with a 
Zeiss Stemi-2000 stereomicroscope and an Olympus CH compound microscope. Species 
were identified when possible with a key by International Culture Collection of (Vesicular) 
Arbuscular Mycorrhizal Fungi ( :~~p://in~ran~..caf.wv~x.ed~~,~~inde~x.htnll). For each sample, 
presence/absence of each fungal species was noted, but no quantitative measure of 
abundance was used. Nomenclatural authorities for the AM fungi found in this study are 
given in Appendix 2. 
Fungal Community Comparisons 
The Sorenson similarity index: C = 2a/(b + c), where a =the number of shared 
species, b =the total number of species in community one and c =the total number of 
species in community two, was used to compare AM fungal communities between sites and 
plant species, and within sites and plant species. Total number of fungal species present 
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was compared across plant species and sites with atwo-way analysis of variance. Number 
of AM species found on each plot was compared to soil characteristics using linear 
regression; soil characteristics of sites were compared with one-way ANOVA. 
Results 
Uverall Site Comparison 
Over all three nurseries, the total number of AM fungal species found collectively 
was 3 5 (Table 1). Pictures of the spores of each species are given in Appendix 3 . These 
AM fungi consisted of six genera,l4caulospo~a, Ent~o~hos~o~a, Gigaspo~a, Glo~nus, . 
Pa~aglon~us, and Scutellospo~a. Of the three sites, AES had the highest total species 
richness at 31 (Table 1). KINNICK was second highest with a species richness of 29, while 
ION had a species richness of 28 (Table 1). All plant species from all three sites had a 
common association with fifteen AM fungi: Glonzus cla~uyn, Glon~us geospo~uyn, 
Pa~aglon~us b~asilianun~, Pa~agloynus occultu~n, GZonZus clavispo~a, Gloynus co~onatu~n, 
Glon~us fistulosujn, Acaulospo~a foveata, ScutellosPo~a g~ega~ia, Scutellospo~a pe~sica, 
GigasPo~a Hosea, Acaulos~o~a capsicula, ScutellosPo~a co~alloidea, Glon~us sinuosun~, and 
Gl onus viscosun~. When comparing two nurseries over all plant species combined, 
KITINICK and ION were the closest in fungal community similarity with a Sorenson's 
index value of 5 3 %, followed closely by AES and ION with a similarity of 51 % and 
KITINICK and AES with a similarity of 50%. 
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Table 1. Fungal species, identified from spores, .observed from soil cores collected in 
October 2004 at the Applied Ecological Services (A), Ion Exchange (I), and Kinnickinnic 
Natives (K) nursery sites. Soil cores were collected from five prairie forbs: Heuche~a 
~ichardsonii (Alumroot), Ve~onicast~unz vi~ginicufn (Culver's root), Silphium pe~foliatum 
(Cup plant), Ratibida pinnata (Yellow coneflower), and Hype~icum pyrafnidatum (St. 
John's Wort). 
Fungal Species Plant Species 
Alumroot Culver's root ~ Cup plant coneflower St. John's 
Acaulospo~a capsicula AIK AIK AIK AIK A I K 
Acaulospo~a foveata AIK AIK AIK AIK A I K 
Acaulospo~a lacunose I A I 
Acaulospo~a tube~culata AIK A K I 
Ent~ophospo~a in, fi~equens K K I K I K A I K 
Gigaspo~a nig~a K 
Gigaspo~a Hosea AIK AIK AIK AIK A I K 
Glomus cla~oideum AIK AIK AIK A I K 
Glomus cla~um AIK AIK AIK AIK A I K 
Glomus clavispo~a AIK AIK AIK AIK A I K 
Glomus co~onatum AIK AIK AIK AIK A I K 
Glomus etunicatum A 
Glomus fzstulosum AIK AIK AIK AIK A I K 
Glomusgeospo~um AIK AIK AIK AIK A I K 
Glomus ge~demannii A I A A I A I A 
Glomus globife~um A A K 
Glomus sinuosum AIK AIK AIK AIK A I K 
Glomus ve~sifo~me AIK AIK AIK A I K 
Glomus viscosum AIK AIK AIK AIK A I K 
Pa~aglomus b~asilianum AIK AIK AIK AIK A I K 
Pa~aglomus occultum AIK AIK AIK AIK A I ~ K 
Scutellospo~a calospo~a AIK AIK AIK A I K 
Scutellospo~a co~alloidea AIK AIK AIK AIK A I K 
Scutellospo~a dipu~pu~ascens A K K A I I A 
Scutellospo~a e~yth~opa A K 
Scutellospo~a g~ega~ia AIK AIK AIK AIK A I K 
Scutellospo~a hete~ogama A A A A A 
Scutellospo~a pe~sica AIK AIK AIK AIK A I K 
Scutellospo~a ~ub~a A I A I A I 
unknownA AIK AIK A I K 
unknownB K K K I K I K 
unknownC A K AIK AIK , I K 
unknownD K K 
unknownE K K I 
unknownF A A A A A 
Total Fungal Species 26 21 24 21 17 20 24 22 23 26 27 26 25 24 22 
Mean over all sites 23.7 19.3 23.0 26.3 23.7 
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Exclusive Associations 
Three fungal species were found exclusively at AES. Scutellospo~a hete~ogan~a 
and unknown species F were found only at AES, in association with all five plant species 
(Table 1). Gloynus etunicatu~n was also found only at AES, but only in association with 
Alumroot (Table 1 }. KINNICK had two fungi found exclusively there, Gigaspo~a nig~a in 
association with Yellow coneflower and unknown species D in association with Alumroot 
and Cup plant (Table 1). No fungal species were exclusively found at ION. 
There were no AM fungi found exclusively in association with one plant species at 
all three sites. Scutellospo~a e~yth~o~a was found only in association with Yellow 
coneflower, but only at AES and KINNICK (Table 1). Another fungal species found only 
in association with Yellow coneflower was Gigaspo~a nig~a, at KIT~TICK (Table 1). The 
only other exclusive fungal species found was GZonZus etunicatun~ at AES, in association 
with Alumroot (Table 1). 
Nursery Comparisons 
At AES, all five plant species had 18 fungal species in common; in addition to the 
15 ubiquitous species, they also shared Scutellospo~a hete~ogama, GloYnus ge~den~annii, 
and unknown F (Table 1). Overall, the average similarity in the fungal community between 
all pairs of plant species was 87%. St. John's Wort and Cup plant were the most similar at 
90% and Alumroot and Culver's root were the Least similar at 81 % (Table 2). 
At ION, all plant species shared only the 15 common species shared by all three 
sites.. The average community similarity between all pairs of the five plant species was 
87%. The two plant species most similar were St. John's Wort and Cup plant at 93%, and 
the least similar species were Alumroot and Culver's root at 82% (Table 2). 
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Table 2. Fungal community compositions within each nursery were compaxed between all 
pairs of the five plant species using the Sorenson's similarity index. The five species were 
Heuche~a ~icha~dsonii (Alumroot), T~e~onicastNufn vi~ginicunz (Culver's root), Silphium 
pe~foliatunz (Cup plant), Ratibida pinnata (Yellow coneflower), and Hype~icunt 
py~amidatum (St. John's Wort). The three sites were Applied Ecological Services (AES), 
Ion Exchange (ION), and Kinnickinnic Natives (KINNICK). 
Plant Species Alumroot Culver's root Cup plant coneflower St. John's 
AES 
Alumroot 1 
Culver's root . 81 1 
Cup plant .88 .89 1 
coneflower . 8 8 .8 9 .8 8 1 
St. John's .86 .83 .90 .86 1 
ION 
- Alumroot 1 
Culver's root .82 1 
Cup plant .89 .88 1 
coneflower .84 .83 .86 1 
St. John's .87 ~ .90 .93 .92 1 
KINNICK 
Alumroot 1 
Culver's root . 8 4 1 
Cup plant .84 .82 1 
coneflower . 8 8 .69 .90 1 
St. John's .80 .70 .87 .90 1 
38 
At KINNICK, all five plant species had 17 species in common. In addition to the 15 
ubiquitous species, they also shared Ent~ophospo~a inf~equens and unknown B. The 
average community similarity between pairs of plant species was 82%. Yellow coneflower 
and St. John's Wort were 90% similar, as were Yellow coneflower and Cup plant, the 
highest similarity of any pair at (Table 2). The species least similar in fungal community 
composition were and Culver's root, at 69% (Table 2). 
When comparing the number of fungal species associated with any one, any two, 
any three, any four, or all five plant species at a single nursery, the number associated with 
all five plant species at a single nursery was always the highest. AES had the highest 
number of fungal species in association with all five plant species, with a value of 18 
(Figure 1). KINNICK had the second highest value of 17 fungal species associated with all 
five plant species, and ION had the lowest value of 15 (Figure 1). The average number of 
fungal species associated with all five plant species at all three sites was 16.7. The number 
of fungal species associated with any one, any two, any three, or any four plant species at a 
single nursery site dropped abruptly to a fifth the value of the number of fungal species that 
were associated with all five plant species a single nursery site. The highest number of 
fungal species found in associations with any one, any two, any three, or any four plant 
species was five fungal species in association with three plant species at ION (Figure 1). 
The lowest number of fungal species found in associations with any one, any two, any 
three, or any four plant species was one fungal species, which was found in association with 
one plant species at ION (Figure 1). Overall, the average number of 
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Figure 1. The number of fungal species associated with any one, any two, any three, any 
four, or all five plant species at a single nursery. The three sites were Applied Ecological 
Services (AES), Ion Exchange (ION), and Kinnickinnic Natives (KINNICK). The five 
plant species were Heuche~a ~ichardsonii (Alumroot), Veronicast~um virginicum (Culver's 
root), Silphium perfoliatum (Cup plant), Ratibida pinnata (Yellow coneflower), and 
Hypericum py~amidatum (St. John's Wort). 
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fungal species found only in any one plant species at all three sites was 2.7. The average 
number of fungal species found in any two, any three, or any four plants species in all three 
sites was the same, with a value of 3.3. 
Plant Comparisons 
A two-way Analysis of Variance by plant species and site showed a highly 
significant effect (p<.005) of plant species on mean number of fungi found, i.e., Yellow 
coneflower had significantly more AMF than did Culver's root. There was not a significant 
effect of site, however. 
Alumroot had its highest fungal species richness at AES with 26 species, followed 
by a richness of 24 at KINNICK and 21 at ION (Table 2). Across all three sites, Alumroot 
shared 19 similar species. In addition to the 15 ubiquitous species, it also shared 
Scutellospo~a calospo~a, unknown A, Acaulospora tuberculata, and Glomus ve~sifoNme 
(Table 2). When comparing community similarities between two nurseries, Alumroot was 
most similar between AES and ION at 89% and least similar between AES and KINNICK 
at 80%. Between ION and KINNICK, Alumroot was 84% similar. The average similarity 
between pairs of sites was 84%. 
Culver's root had its highest fungal species richness at AES with 21 total AM fungal 
species, followed by a richness of 20 at KINNICK (Table 2). Culver's root had the lowest 
species richness (compared to all plants at all sites) of 17 at ION (Table 2). 
Culver's root shared 16 fungal species between all three sites. In addition to the 15 
ubiquitous species, it also shared Glomus cla~oideum (Table 2). The average community 
similarity between pairs of the sites was 86%, with the similarity between AES and ION the 
highest at 89%, followed by ION and KINNICK at 86%, and AES and KINNICK at 83%. 
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Cup plant had its highest fungal species richness of 24 at AES, closely followed by 
a richness of 23 at KINNICK and 22 at ION (Table 2). Nineteen fungal species were 
shared between all three sites for Cup plant. In addition to the 15 ubiquitous species, it also 
shared Scutellospora calospora, unknown C, Glomus claroideum, and Glomus versiforme 
(Table 1). When comparing community similarities between two nurseries, Cup plant was 
89% similar both between KINNICK and ION and between AES and KINNICK and 87% 
similar between AES and ION. The average similarity between pairs of sites was 88%. 
Yellow coneflower had the highest fungal species richness of all plant species at all 
three sites. Twenty-seven species were found at ION, closely followed by 26 species found 
at both AES and KINNICK (Table 1). Yellow coneflower shared 20 fungal species 
between all three nurseries. In addition to the 15 ubiquitous species, Yellow coneflower 
also shared Scutellospora calospora, unknown A, unknown C, Glomus claroideum, and 
Glomus versiforme (Table 1). The highest community similarity was between AES and 
KINNICK at 85%, while both ION and KINNICK and AES and ION were 83%similar. 
The average similarity between pairs of sites was 84%. 
St. John's Wort had its highest species richness of 25 at AES (Table 1). The fungal 
species richness at ION was 24 and at KINNICK the species richness was 22 (Table 1). In 
addition to the 15 ubiquitous species shared by St. John's Wort, five additional species were 
shared between all three sites: Scutellospora calospora, Entrophospora infrequens, Glomus 
claroideum, unknown A, and Glomus versiforme (Table 1). St. John's Wort was most 
similar between ION and KINNICK at 96%, followed by an AES-ION similarity of 86% 
and a similarity of 85% between AES and KINNICK. The average similarity between pairs 
of sites was 89%. 
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When comparing the number of fungal species associated with each plant species at 
any one, any two, or all three sites, the number fungal species associated with each plant 
species at all three sites was higher compared to the number of fungal species associated 
with each plant species at any one or any two sites. The average number of fungal species 
associated with all plant species at all sites was 18. Both Yellow coneflower and St. John's 
Wort had the highest number of fungal species associated with them at a value of 20 
(Figure 2). Cup plant and Alumroot both had 19 fungal species associated with them at all 
three sites, and Culver's root had the lowest association with fungal species at a value of 14 
for all three sites (Figure 2). The number of fungal species associated with each plant 
species at any one site was twice as high as the number of fungal species associated with 
each plant species at any two sites, but was a third the value of the number fungal species 
associated with each plant species at all three sites. The average number of fungal species 
associated with each plant species at any two sites was six species. Alumroot had the 
highest number of associations with fungal species found only at any one site, with a value 
of eight and Cup plant had the lowest number of associations with fungal species found 
only at any one site, with a value of four (Figure 2). The average number of fungal species 
associated with each plant species at only any two sites was four. Yellow coneflower had 
the highest number of associations with fungal species found only at any two sites, with a 
value of six and Culver's root had the lowest number, with a value of two (Figure 2). 
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Figure 2. The number of fungal species associated with each plant species at any one, any 
two, or all three sites. The three sites were Applied Ecological Services (AES), Ion 
Exchange (ION), and Kinnickinnic Natives (KINNICK). The five plant species were 
Heuchera ~icha~dsonii (Alumroot), Ve~onicastrum virginicum (Culver's root), Silphium 
pe~foliatum (Cup plant), Ratibida pinnata (Yellow coneflower), and Hype~icum 
py~amidatum (St. John's Wort). 
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AM Colonization 
All plant species at all three sites were at least 34% colonized, i.e., at least 34% of 
the root-grid intersections contained fungi. Pictures of colonized roots of each plant species 
at each site are given in Appendix 4. The highest AM colonization, of 65%, occurred in 
Yellow coneflower at KINNICK (Figure 3). The lowest AM colonization, of 34%, 
occurred in Culver's root at ION (Figure 3). Yellow coneflower had the highest average 
root colonization across all three sites compared to the other four plant species, at 54%. 
Alumroot was second at 53%, followed by St. John's Wort at 48%, Cup plant at 43%, and 
Culver's root at 39%. KINNICK had the highest root colonization rates for all plant species 
at 51 %, compared to ION at 48%, and the lowest root colonization was AES at 43%. 
Soil Measurements 
There were no statistically significant differences among sites in mean values of P, 
pH, ammonium, or nitrate. Overall, the mean soil phosphorus content (ppm) ranged from 
16.4 at Ion to 23.2 at AES to 26.3 at KINNICK (Table 3). The pH at all three sites was 
approximately neutral around a value of 7.1 (Table 3). Ammonium ranged in concentration 
from 1.9 ppm to 2.3 ppm over the three sites, while nitrate concentration ranged from 2.1 
ppm to 3.7 ppm (Table 3). A regression analysis found no significant difference between 
the number of fungal species at each site and the soil characteristics of each site. 
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Figure 3. Arbuscular mycorrhizae (AM) fungal colonization (% of 200 root-grid 
intersections) of five prairie forbs, Heuche~a Nichardsonii (Alumroot), Ve~onicastrum 
virginicum (Culver's root), Silphium perfoliatum (Cup plant), Ratibida pinnata (Yellow 
coneflower), and Hype~icum py~amidatum (St. John's Wort). The three sites sampled were 
Applied Ecological Services (AES), Ion Exchange (ION), and Kinnickinnic Natives 
(KINNICK). 
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Table 3. Mean values (n=2) of soil characteristics for each plant species (Heuche~a 
richa~dsonii [Alumroot], Veronicast~um vi~ginicum [Culver's root], Silphium pe~foliatum 
[Cup plant], Ratibida pinnata [Yellow coneflower], and Hype~icum pyramidatum [St. 
John's Wort]) at the Applied Ecological Services (AES), Ion Exchange (ION), and 
Kinnickinnic Natives (KINNICK) field sites. The mean and the standard error for each site 
as a whole are also given (n=10). 
Nursery Site Plant Species P pH NH4+ NO3-
(ppm) (ppm) (ppm) 
AES 
Alumroot 32 7.1 3.4 5.4 
Culver's root 28 7.0 2.1 0.45 
Cup plant 19 7.4 2.1 1.2 
Coneflower 24 7.2 2.4 0.65 
St. John's Wort 14 7.1 1.6 2.6 
Site Mean 23 7.1 2.3 2.1 
S.E. 2.2 0.04 0.24 0.66 
ION 
Alumroot 20 6.6 1.9 8.2 
Culver's root 15 5.1 1.9 4.6 
Cup plant 6.5 8.0 2.2 3.3 
Coneflower 30 7.9 1.8 2.2 
St. John's Wort 12 7.8 1.9 0.85 
Site Mean 16 7.1 1.9 3.7 
S.E. 2.6 0.38 0.15 1.0 
KINNICK 
Alumroot 20 7.1 2.2 2.4 
Culver's root 23 6.6 1.9 2.7 
Cup plant 41 7.6 2.4 3.5 
Coneflower 28 7.6 1.8 8.4 
St. John's Wort 21 7.1 2.6 1.5 
Site Mean 26 7.2 2.2 3.7 
S.E. 2.6 1.2 0.16 1.0 
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Discussion 
Among all three sites, the total number of AM fungal species found was 35 (Table 
1). AES had the highest fungal species richness of 31, followed by ION with a richness of 
28 and KINNICK with a richness of 29. On the average, most field studies report finding 
around 15 species per site for one-time samples (Clapp et al. 1995, Stutz et al. 2000, 
Hildebrandt et al. 2001, Frank-Synder et al. 2001, Eom et al. 2000, Bentivenga and Hetrick 
1991). In some cases where there are frequent field observations or pot culture traps, as 
many as 40 fungal species have been identified (Allen et al. 1995, Egerton-Warburton and 
Allen 2000, Bever et al. 2001). This indicates that even with one sampling in October 
2004, it is likely that a high proportion of the AM fungal species at each site was found. 
Since each soil sample was taken from a monoculture plot that was dominated by one plant 
species for at least five years, and a substantial number of fungal species was found, the 
AM fungal community found in a plot was probably a reasonably unbiased representation 
of the fungal community associated with each prairie forb. Differences in fungal 
communities among sites undoubtedly occur due to site history, soil type, availability of 
fungal colonists, etc., but in all cases there was remarkable similarity in the fungal 
communities associated with a given plant species. All plant species were at least 35% 
colonized by AM fungi, which supports the belief that the spores present in the soil came 
from the forb species sampled. However, abundance measurements and DNA extractions 
from the hyphae in each plant root were not made, and therefore I do not know the extent of 
association each fungal species has with each plant species. 
Of the six genera found, most common genus was Glomus, with 12 species. 
Glomus is also the most common genus worldwide (Kendrich 2000). I found only one 
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species from genera Ent~ophospora, a genus that has been found in association with plants 
in tallgrass prairie ecosystems (Eom et al. 2000). Eight of the 15 AMF species found at all 
three sites (Entr~ophospo~a infrequens, Gigaspora rosea, Glomus cla~oideum, Glomus 
claNum, Glomus geospo~um, Glomus sinuosum, Scutellospo~a calospora, and Scutellospo~a 
hete~ogama) have been found in other studies that examined the diversity of AM fungi in 
tallgrass prairie plants (Eom et al. 2000, Bentivenga and Hetrick 1991, Hetrick and Bloom 
1982, Bever et al. 1996, Eom 2001, Hetrick et al. 1985, Dickman et al. 1984). Other 
species found here likely have been found in other studies, but the lack of specific 
identification in many studies in the literature creates uncertainty, and it is difficult to 
ascertain which fungal species actually are common in tallgrass prairie systems. 
In contrast to previous studies that have related occurrence of AM fungi to soil 
characteristics such as P content, I found no relationship between species richness and soil 
characteristics. Overall, the similarity of soil characteristics among the sites may explain 
the lack of significant difference between the number of fungal species at each site and the 
soil characteristics of each site. The soil at each site was either silt loam, sandy loam, or 
loam, and the native vegetation for all soil types was tallgrass prairie. All sites had similar 
histories of agriculture uses, with production of either corn or vegetables, before being 
converted into a native plant nursery. The mean concentrations of P, NH4, and NO3, as well 
as the mean pH value were not significantly different among sites. Although P 
concentrations varied the most among sites, no site had an extremely low or high 
concentration of P in the soil. 
Fungal communities were very similar both among individual prairie forb species 
regardless of field site and within a field site regardless of forb species. This suggests the 
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possibility that some AM fungi are generalists and can be found ubiquitously across a large 
area (two of my sites were 450 km apart). On the other hand, the site similarities of 50 to 
53% indicate that not all fungi were ubiquitous and that some fungi had a preference for a 
certain host, were isolated at a certain site, or both. Out of the 35 total fungal species 
found, 15 or 43% of them were ubiquitous and six or 17%, fungal species were exclusive. 
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Chapter 3 
General conclusions 
In summary, my objectives were to determine whether host plant species, in 
particular prairie forbs, associate with similar fungal species at various locations, if 
different plant species within a site have similar fungal communities, and if there is a high 
degree of host-specificity. There was a strong indication that fungal communities of one 
plant species are similar, even at widely separated sites. The Sorenson's similarity index 
between pairs of sites for each plant species was never below 82%. Pairs of plants species 
within any one site also had very similar fungal communities, with similarities never below 
83%. This indicates that not only are fungal communities similar among the same plant 
species at various sites, but they also are similar among various plant species at a given site. 
This indicates there is a substantial number of AM fungi that are generalists and not host-
specific; they are able to form mycorrhizal relationships with many different plant species 
at various locations. 
With respect to prairie reconstructions, mycorrhizal fungi may not be a limiting 
factor if ubiquitous AM fungi are present in the soil. Such fungi do seem to be fairly 
widespread and likely are available as to colonize new reconstruction sites if they are not 
already present on a site. However, the issue of whether certain forb species are limited by 
lack of specific fungal partners still needs to be addressed further. Experimental studies of 
processes such as nutrient exchange between each fungal species and the plant species 
might provide more answers about host-specificity and its potential role in limiting 
establishment of certain forb species in new reconstruction sites. 
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Finally, it should be recognized that the fungi found in association with the five 
prairie forbs studied here in nursery environments may not reflect the "natural" fungal 
community present in an prairie environment where there is competition from other plant 
species, grazing, etc. An examination of the fungal species found in association with a 
"wild" prairie forb might further clarify if all these AM fungi were ubiquitous or if in a 
"natural" setting there is a more limited number of AM fungal species that associate with 
each prairie forb. 
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Appendix 1 
Site characteristics 
Site histories, management practices, and plot characteristics for Applied Ecological 
Services (AES), Ion Exchange (ION), and Kinnickinnic Natives (KINNICK), as of Spring 
2004. 
Previous site use 
Seed origin 
Established 
from seeds 
Age of plots 
Plots burned 
Fertilizers used 
Pesticides used 
Herbicides used 
Fungicides used 
Soil type 
Size of nursery 
Average plot size 
AES 
Cornfield 
One county radius 
Yes 
5 yrs 
No 
Biocal. Organic 
None 
A variety 
None 
ION 
Cornfield 
100 mile radius 
Yes 
Average of 5 yrs 
No 
None 
None 
KINNICK 
Row crops 
(vegetables) 
30 mile radius 
Yes 
7 yrs 
Yes 
None 
None 
Round-up, Plateau Round-up 
None 
Dickman sandy loam Lawson silt loam 
45 ha 
8mx29m 
160 ha 
3mx50m 
None 
Dakota loam 
0.6 ha 
1.5 mx20m 
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Appendix 2 
Fungal nomenclature 
Fungal nomenclature authorities found at http://www.tu-
darmstadt.de/fb/bio/bot/schuessler/amphylo/amphylo_species.html, published by the 
University of Darmstadt, Germany. 
Fungal Species 
Acaulospora capsicula 
Acaulospora foveata 
Acaulospora lacunose 
Acaulospora tuberculata 
Entrophospora infrequens 
Gigaspora nigra 
Gigaspora rosea 
Glomus claroideum 
Glomus clarum 
Glomus clavispora 
Glomus coronatum 
Glomus etunicatum 
Glomus fistulosum 
Glomus geosporum 
Glomus gerdemannii 
Glomus globiferum 
Glomus sinuosum 
Glomus versiforme 
Glomus viscosum 
Paraglomus brasilianum 
Paraglomus occultum 
Scutellospora calospora 
Scutellospora coralloidea 
Scutellospora dipurpurascens 
Scutellospora erythropa 
Scutellospora gregaria 
Scutellospora heterogama 
Scutellospora persica 
Scutellospora rubra 
Authority 
Blaszk. (1990) 
Trappe &Janos (1982) 
J.B. Morton (1986) 
Janos &Trappe (1982) 
(I.R. Hall) R.N. Ames & R.W. Schneid. (1979) 
(J.F. Redhead) C. Walker & F.E. Sanders (1986) 
T.H. Nicolson & N.C. Schenck 
C. Walker &Vestberg (1998) 
T.H. Nicolson & N.C. Schenck (1979) 
(Trappe) R.T. Almeida & N.C. Schenck (1990) 
Giovann. (1991) 
W.N. Becker &Gerd. (1977) 
C. Walker &Vestberg (1998) 
T.H. Nicolson &Gerd.) C. Walker (1982) 
J.B. Morton & D. Redecker (2001) 
Koske & C. Walker (1986) 
R.T. Almeida & N.C. Schenck (1990) 
(P. Karst.) S.M. Berch (1983) 
T.H. Nicolson (1995) 
J.B. Morton & D. Redecker (2001) 
(C. Walker) J.B. Morton & D. Redecker (2001) 
C. Walker & F.E. Sanders (1986) 
C. Walker & F.E. Sanders (1986) 
J.B. Morton &Koske (1988) 
C. Walker & F.E. Sanders (1986) 
C. Walker & F.E. Sanders (1986) 
C. Walker & F.E. Sanders (1986) 
C. Walker & F.E. Sanders (1986) 
Sturmer & J.B. Morton (1999) 
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Appendix 3 
Spore pictures 
Photos of spores of each of the arbuscular mycorrhizal fungus species found at the Ion 
Exchange, Applied Ecological Services, and Kinnickinnic Natives sites. Scale bars are 
SO+100µm 
~~~ 
Acaulospora capsicula 
Acaulospora lacunose 
Acaulospora foveata 
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Appendix 3 continued 
Acaulospora tuberculata 
Entrophospora infrequens 
Gigaspora rosea 
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Appendix 3 continued 
Gigaspora nigra 
Glomus claroideum 
Glomus clarum 
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Appendix 3 continued 
~lomus clavispor~a 
~~~ 
Ulomus co~onatum 
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Appendix 3 continued 
Glomus fistulosum 
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Appendix 3 continued 
Glomus globiferum 
Glomus ge~demunnii 
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Glomus sinuosum 
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Appendix 3 continued 
Glomus versiforme 
Glomus viscosum 
Paraglomus br~asilianum 
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Appendix 3 continued 
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Scutellospora calospora 
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Appendix 3 continued 
Scutellospora dipu~pu~ascens 
Scutellospora gregaria 
Scutellospora erythropa 
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Appendix 3 continued 
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Appendix 3 continued 
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Appendix 4 
Root colonization pictures 
Arbuscular mycorrhizal colonization in Heuche~a richardsonii (Alumroot), Ve~onicastrum 
vir~ginicum (Culver's root), Silphium perfoliatum (Cup plant), Ratibida pinnata (Yellow 
coneflower), and Hype~icum pyramidatum (St. John's Wort) at Applied Ecological Services, 
Ion Exchange, and Kinnickinnic Natives. 
Applied Ecological Services 
,: .; 
Alumroot (4x) 
Cup plant (10x) 
St. John's Wort (10x) 
::. ~~ 
Culver's root (1 Ox) 
Yellow coneflower (10x) 
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Appendix 4 continued 
Ion Exchange 
Alumroot (1 Ox) 
Cup plant (10x) 
St. John's Wort (40x) 
Culver's root (10x) 
Yellow coneflower (10x) 
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Appendix 4 continued 
Kinnickinnic Natives 
Alumroot (10x) 
Cup plant (1 Ox) 
St. John's Wort (10x) 
Culver's root (1 Ox) 
Yellow coneflower (10x) 
